Purpose: To investigate the interrater reliability of inter-rectus distance (IRD) measured from ultrasound images acquired at rest and during a head-lift task in parous women and to establish the standard error of measurement (SEM) and minimal detectable change (MDC) between two raters. Methods: Two physiotherapists independently acquired ultrasound images of the anterior abdominal wall from 17 parous women and measured IRD at four locations along the linea alba: at the superior border of the umbilicus, at 3 cm and 5 cm above the superior border of the umbilicus, and at 3 cm below the inferior border of the umbilicus. The interrater reliability of the IRD measurements was determined using intra-class correlation coefficients (ICCs). Bland-Altman analyses were used to detect bias between the raters, and SEM and MDC values were established for each measurement site. Results: When the two raters performed their own image acquisition and processing, ICCs (3, 5) ranged from 0.72 to 0.91 at rest and from 0.63 to 0.96 during head lift, depending on the anatomical measurement site. Bland-Altman analyses revealed no systematic bias between the raters. SEM values ranged from 0.23 cm to 0.71 cm, and MDC values ranged from 0.64 cm to 1.97 cm. Conclusion: When using ultrasound imaging to measure IRD in women, it is acceptable for different therapists to compare IRDs between patients and within patients over time if IRD is measured above or below the umbilicus. Interrater reliability of IRD measurement is poorest at the level of the superior border of the umbilicus.
INTRODUCTION
Inter-rectus distance (IRD) is defined as the width of the linea alba between the connective tissue sheaths surrounding the paired rectus abdominis muscles; it normally ranges between 1.0 and 2.2 cm at rest, depending on the anatomical measurement site. 1,2 Increased IRD is the hallmark of diastasis recti, a condition primarily associated with pregnancy in which there is a visible and palpable separation between the two heads of the rectus abdominis. Reliable and valid measures of IRD are of interest because it has been suggested that abnormal IRD and slackening of the linea alba 3-6 may contribute to lumbopelvic dysfunction [4] [5] [6] [7] [8] and urogynecological complaints such as pelvic organ prolapse, urinary incontinence, and fecal incontinence. 9, 10 IRD is often measured under two conditions: at rest (with the abdominal muscles relaxed) and during abdominal muscle activation, 11-13 using a task such as a head lift. These measurements can be used to detect and quantify changes in IRD in patients over time, both naturally occurring 1 and in response to physiotherapeutic interventions. [14] [15] [16] [17] [18] Furthermore, the narrowing or widening of the linea alba during activity (i.e., change in IRD from rest) is thought to provide insight into its functional capacity to transmit forces generated by the muscles of the lateral abdominal wall 3 and has been suggested as a means of determining the appropriateness of certain interventions. 3, 12 Ultrasound imaging (USI) has been named the gold standard for non-invasive IRD assessment. 19 IRD measurements using USI are reportedly valid compared with intraoperative surgical compass measurements when imaging is performed at or above the level of the umbilicus. 20 USI has also reportedly produced consistent IRD measurements between sessions when performed by the same operator. 11, 21 In addition, USI is more responsive to changes in IRD than palpation, 22 the traditional method of assessing IRD.
Given the interest in IRD and linea alba function in postpartum patient populations and the increasing accessibility of USI as this technology becomes more affordable, 23 it is likely that USI will be adopted by physiotherapists as a clinical tool and that IRD, change in IRD during functional tasks, or both will be adopted as one or more clinical outcome measures. Although it has already been demonstrated that, using USI, a single rater (physiotherapist) can reliably measure IRD from one day to another, 11,21 the interrater reliability of IRD measured using USI has not been studied. Interrater reliability has important implications for clinical practice because the physiotherapist providing care to a particular patient may change over time, in either temporary (leaves, illnesses, scheduling difficulties) or more permanent (resignation, transfer of care) situations.
Thus, the purposes of this study were (1) to investigate the interrater reliability of IRD, measured at rest and during a head-lift task at four anatomical locations along the linea alba when two separate raters independently performed their own image acquisition and image processing and (2) to establish the standard error of measurement (SEM) and minimal detectable change (MDC) of IRD measurements between the raters using the same measurement sites and test conditions.
METHODS
This study was approved by the Queen's University Health Sciences Research Ethics Board (REH-559-13), and all volunteers provided written informed consent before participating. We recruited participants within the Kingston, Ontario, community using flyers and word of mouth. The appropriate sample size for this study was estimated to be 11, using the recommendations from Walter and collegues 24 when proposing to perform reliability analyses using intra-class correlation coefficients (ICCs). The underlying assumptions of the sample size calculation included a minimum acceptable reliability coefficient (ICC) of 0.70, 25 an expected ICC of 0.90 based on intra-rater reliability studies, 11, 21 
Participants
Parous women aged between 18 and 60 years were recruited. There were only two exclusion criteria: persistent neck pain within 3 months of volunteering and low back pain that prevented potential participants from lying on their backs for 1 hour. These exclusion criteria were put in place to ensure that all participants would be able to perform the study tasks without pain or difficulty, thus maximizing the consistency of task performance.
Ultrasound imaging system specifications
For all imaging, we used a GE Voluson i system (GE Healthcare, Chalfont St. Giles, UK) interfaced with a twodimensional, high-frequency (3-10 MHz) linear transducer in B-mode. Anonymized images were exported to a local database for off-line processing.
Rater qualifications
Both raters were physiotherapists who had received training from a national expert in ultrasound system operation as well as in image optimization, acquisition, and processing (this was a structured course consisting of 16 hours covering both theory and practice, although it did not specifically cover IRD measurement). Rater 1 developed the specific methodology for the IRD measurement described in the Procedure section on the basis of performing more than 100 USI evaluations specific to IRD visualization in her regular clinical practice, which focused on women's health issues. Before beginning to collect data for this study, Rater 2 received approximately 10 hours of hands-on training from Rater 1 to standardize the imaging technique and the selection of landmarks for measuring IRD.
Procedure
Each of the two raters acquired images from all participants' anterior abdominal walls; the order of the raters was randomized to ensure that no systematic bias was introduced. Participants were positioned in supine, with their head resting on one pillow. The rater who performed the first set of USI assessments marked four locations along a participant's abdomen using a black skin marker: at the superior border of the umbilicus, 3 cm above the superior border of the umbilicus, 5 cm above the superior border of the umbilicus, and 3 cm below the inferior border of the umbilicus. These marks remained in place for the duration of the data collection session to ensure that both raters acquired images at the same anatomical sites. Each rater captured five ultrasound images at each of these four locations along the linea alba under two conditions: with the abdominal muscles relaxed and during a head lift to activate the rectus abdominis. When performing a head lift, the participant was instructed to keep her neck in line with her spine and to gently lift her head off the pillow so that her head was still touching, but no longer supported by, the pillow. The raters performed visual inspection to ensure that the head-lift task was performed consistently while the data were being collected. In situations in which the investigator was unable to visualize the entire width of the linea alba using the USI approach described here, she inserted an acoustic standoff pad (ATS Laboratories, Bridgeport, CT; 2 cm or 4 cm thick, as required) between the skin surface and the transducer (with ultrasound gel above and below the pad); this increased the field of view so that the borders of the linea alba could be delineated.
Data processing
IRD was measured off-line, using ImageJ (National Institutes of Health, Bethesda, MD), from the static, twodimensional ultrasound images captured at each of the four anatomical locations and during both rest and the head-lift task. Each rater processed the images she had captured and remained blinded to the other rater's IRD measurements while the data were being processed. IRD was determined by measuring the calibrated length of a straight line connecting the medial borders of the hyperechoic fascia surrounding the hypoechoic rectus abdominis heads bilaterally (see Figure 1) . The mean IRD was calculated from the five images recorded at each location and under each condition, and these mean values were used in the statistical analyses. When a rater was unable to measure IRD from all five images captured at a particular anatomical location under a particular condition, and as long as there were at least two images of sufficient quality to measure IRD, the average IRD of the usable images was used in the statistical analyses.
Data analyses
We performed our statistical analyses using IBM SPSS Statistics version 22 (IBM Corp., Armonk, NY). Data were first tested for normality by visually inspecting histograms and probability-probability plots, and they were confirmed using the Kolmogorov-Smirnov test with a Lilliefors significance correction. Separate analyses were performed for each surface anatomical measurement site and for each condition (rest and head lift).
Interrater reliability was determined by calculating ICCs (see Equation 1) with 95% CIs. Because the raters were fixed, Model 3 according to Shrout and Fleiss 26 was chosen. Bland-Altman plots were used to assess the systematic bias between the raters. Bias was said to exist if the 95% CIs around the mean difference between the raters did not include zero.
where k represents the number of trials (i.e., 5) that were performed for each task, BMS is the between-subject mean square, and EMS is the error mean square. 26 The SEM (see Equation 2 ) was calculated to determine the typical error associated with IRD measurement from ultrasound images captured and processed by two separate raters.
where SS total represents the overall variance in the model and n represents the total number of participants. 27 The MDC (see Equation 3 ) was calculated to determine the minimal change in IRD necessary to be certain that a real change had occurred when two different raters performed the USI assessment and IRD measurement. 27
Currier's recommendations were then used to classify reliability, where a reliability coefficient (i.e., ICC) of 0.69 or less indicated poor reliability; between 0.70 and 0.79, fair reliability; between 0.80 and 0.89, good reliability; and 0.90 or more indicated excellent or high reliability. 25 
RESULTS
Seventeen parous women aged between 28 and 50 years (mean 38 y, [SD 8]) participated in the study. The average BMI for the sample was 26.4 kg/m 2 (SD 7.3). Average participant height was 163.1 cm (SD 5.5). Average parity was 2 children (SD 1), and the average length of time since most recent delivery was 7 years (range 6 mo-25 y).
In 21 of the 680 images acquired by Rater 2 (i.e., 3%), IRD could not be measured because the images were not sufficiently clear. These unusable images were found in seven participants' data. For four of those seven participants, only one of the images was not usable. For one participant, Rater 2 was unable to measure IRD from any of the images captured below the umbilicus; thus, that participant's data were excluded from the statistical analyses for that anatomical location. Rater 1 was able to measure IRD from all of her captured images. Table 1 , and the associated interrater ICC, SEM, and MDC values are displayed in Table 2 . Using Bland-Altman analyses, all 95% CIs around the mean difference between the raters included zero; thus, no systematic bias between the raters was found at any measurement site across both tasks. A sample Bland-Altman plot constructed from IRD measurements from both raters at the superior border of the umbilicus at rest is displayed in Figure 2 .
DISCUSSION
When classifying reliability according to Currier's 25 recommendations, interrater reliability of IRD measured using USI above the umbilicus was good to excellent; at the umbilicus, poor to fair; and below the umbilicus, fair to good. On the basis of this classification scheme, it appears that raters are more likely to achieve acceptable consistency when acquiring and processing images above or below the umbilicus. At the superior border of the umbilicus, however, it may be inappropriate to compare IRD among or within patients (i.e., to measure changes in IRD over time or in response to intervention) if different therapists perform the assessment each time. Changes in IRD of less than 2 cm at this level cannot be considered to reflect true changes outside of the measurement error. The MDC is better at measurement sites above (between 0.64 and 1.06 cm) and below (between 1.29 and 1.38 cm) the umbilicus. We found the greatest measurement error at the superior border of the umbilicus; this is not consistent with what was expected, based on other psychometric studies. Mendes and colleagues 20 reported inaccuracies in IRD measurement below the umbilicus compared with intra-operative surgical compass measurement and stated that this result was likely due to a loss of posterior rectus sheath definition (required for IRD landmark visualization) at this level compared with sites at or above the umbilicus. 20, 28 Consistent with this finding, we had previously found that the measurement error from one day to another was greatest when using USI to measure IRD below the umbilicus compared with sites at or above the umbilicus; this may have been attributable to greater difficulty in visualizing the rectus sheath at this level. 21 It is unclear why IRD measurement between the raters was inconsistent at the superior border of the umbilicus. At this level, the posterior rectus sheath is well defined, 20, 28 and the thickness of the linea alba is similar to its thickness above the umbilicus. 28 In our sample, IRD was widest at the superior border of the umbilicus; however, the investigators did not report any increased difficulty in landmark visualization at this site compared with other levels.
Potential sources of interrater error include variations in image acquisition technique and/or variations in image processing. Inconsistencies in image acquisition may be the result of variations in probe location or probe pressure used by the raters. 29 In this study, inconsistencies in probe location between the raters were unlikely because both raters used the same marks on the skin surface to ensure that they were acquiring images at the same anatomical locations. Although not explicitly investigated, too much pressure may deform the abdominal wall and the linea alba, and too little pressure will not allow for adequate contact with the skin surface, thus decreasing the ability to visualize the underlying structures. It is possible that the two raters in this study used different amounts of pressure at the superior border of the umbilicus, resulting in inconsistent IRD values at this level. Processing ultrasound images to measure IRD requires a rater to choose the appropriate landmarks that denote the medial borders of the rectus abdominis muscles bilaterally. Although Rater 1 trained Rater 2 on landmark identification and IRD measurement, it is possible that inconsistencies in landmark identification contributed to variable results between the raters; still, it is not clear why this may have occurred to a larger extent at the superior border of the umbilicus than at the other sites.
To determine whether the interrater reliability was more affected by inconsistencies in image acquisition or image processing, a secondary analysis was performed on images acquired at the superior border of the umbilicus. We selected this imaging site because it demonstrated the greatest measurement variability between the raters. Rater 1 processed (i.e., measured IRD on) all images captured at the superior border of the umbilicus by Rater 2. The ICC, SEM, and MDC were calculated again and were improved relative to the values obtained when Rater 2 measured her own images. This improvement was evidenced by higher ICC values both at rest (ICC [3, 5] ¼ 0.96, 95% CI: 0.90, 0.99) and during head lift (ICC [3, 5] ¼ 0.89, 95% CI: 0.70, 0.96). The SEMs (0.30 cm at rest, 0.44 cm during head lift) and MDCs (0.83 cm at rest, 1.22 cm during head lift) improved accordingly. This finding suggests that lower interrater reliability at the superior border of the umbilicus may result, in part, from inconsistencies in image processing. Thus, interrater reliability may be improved if the same rater processes all ultrasound images, whether or not he or she acquired them. If IRD measured from USI is to become a clinical outcome measure, it appears that the images should be retained and, if the therapist changes, the new therapist should re-measure the IRD from the initial visit and use this measurement as a basis for comparison on repeat visits.
The intra-rater reliability of IRD measured from one day to another at, above, and below the umbilicus using USI, at rest and during abdominal muscle activation, has been reported in other studies, and the ICCs have been reported to be excellent; all have been above 0.93. 11, 21 Although our study showed that interrater reliability is acceptable when IRD is measured at most anatomical locations along the anterior abdominal wall, it is not as good as when the rater is kept consistent. In fact, the interrater SEM and MDC values reported here are twice as great as the SEM and MDC values reported when the same rater was used 21 (e.g., 5 cm above the superior border of the umbilicus at rest: intrarater MDC ¼ 0.29 cm, interrater MDC ¼ 1.06 cm). On the basis of these values, measuring changes in IRD over time when the assessing physiotherapist changes may not be adequately reliable, depending on the magnitude of the change expected. For example, the IRD in women in the early postpartum period may be between 4 and 11.5 cm. 1,18 IRD has been reported to reduce by 2-9 cm in response to natural recovery or physiotherapeutic intervention. 1, 18 In such cases, one would be able to detect changes in IRD over time even if the physiotherapist changed. In contrast, it may not be possible to detect changes in IRD in women whose baseline IRD is within 1 cm of normative values. In these situations, IRD measurement using USI is of little value unless the rater is kept constant or, at a minimum, the same rater processes all ultrasound images.
Rater 2 was not able to measure IRD from all of the images she captured, whereas Rater 1 had no unusable images. Given that Rater 1 had more experience with IRD visualization and measurement than Rater 2, clinical experience with the specific imaging technique, including practice in both image acquisition and processing, may play a role in the ability of a physiotherapist to consistently image and measure IRD using USI. Future studies should investigate the impact of hands-on experience on the consistency of IRD measurement.
LIMITATIONS
Both raters had more experience with musculoskeletal USI than most physiotherapists currently have. Furthermore, Rater 2 received approximately 10 hours of handson training from Rater 1 on IRD measurement. Thus, results generated from this study may not be generalizable to all physiotherapists, but they are generalizable to those who have taken a postgraduate course in USI, who have accumulated some experience with USI of the linea alba, and who have received some training specific to IRD measurement.
CONCLUSION
Interrater reliability of IRD measurement in parous women using USI when separate raters perform image acquisition and processing is acceptable when they image above the umbilicus or below the umbilicus, but poorest when they image at the level of the superior border of the umbilicus. Thus, it may not be appropriate to compare IRD measured at this level among patients or within patients over time if different therapists have performed the USI protocol and if the observed differences are less than 2 cm. In these situations, it is recommended that images be saved and that the same therapist measure IRD on the images captured at each time point to improve measurement consistency and better detect any changes.
KEY MESSAGES
What is already known on this topic When using ultrasound imaging (USI) to measure inter-rectus distance (IRD) at the level of the umbilicus as well as at levels above and below the umbilicus, high reproducibility is possible from one day to another if the same rater is used; however, IRD measured below the umbilicus has been shown to be inaccurate.
What this study adds
This study is the first to investigate the interrater reliability of IRD measurement using USI. Our results suggest that interrater reliability is acceptable when IRD is measured above or below the umbilicus, but poor when measured at the level of the umbilicus. Reliability improves when the same rater measures all images acquired by different physiotherapists. Depending on the anatomical measurement site, it may not be appropriate to compare IRD among patients or within the same patient over time if different therapists have performed the USI and measurement, a common situation in physiotherapy clinics. Reliability may improve if images have been stored and the new therapist can reprocess the stored images along with the new images to detect changes over time.
